Background: Screening for abdominal aortic aneurysm, and intervention with elective repair, can reduce the incidence of aneurysmal rupture by a half. If a screening programme is implemented, it is essential to determine appropriate follow up intervals for rescreening. This paper estimates probabilities of progression growth of aortic diameter to provide evidence for this. Methods: Data were taken from 2342 men aged 65-80 screened in the Chichester randomised control trial, who have been followed up for an average of 11 years. Aortic diameter was modelled as a Markov process with four categories: <30 mm (normal), 30-44 mm, 45-54 mm, and >55 mm. Estimates of the probabilities of progressing to each higher category were obtained. Results: The probabilities of progression increased with greater initial aortic diameter. The estimated rates/year were 0.018 (95% confidence interval 0.014 to 0.023), 0.16 (0.12 to 0.20), and 0.49 (0.35 to 0.70) respectively for moving up one category. The probabilities of moving from <30 mm to >55 mm were estimated as 1% in 5 years and 12% in 15 years, while the corresponding figures for moving from 45-54 mm to >55 mm were 91% and 99%. There were differences in rates of progression according to age, with men over 70 years having rates about three times those of men under 70. Conclusions: It seems unnecessary to follow up men with normal aortic diameter as they experience a low probability of reaching criteria for surgery even within 15 years. However, follow up intervals should be progressively shorter for those with greater aortic diameter, especially in those aged over 70. Active follow up, for example every 3 months, is appropriate for men with an aortic diameter of 45-54 mm.
A bdominal aortic aneurysm (AAA) is common in elderly men. Moreover, ruptured AAA is responsible for 2.1% of all deaths in men, and 0.7% of all deaths in women, over 65 years old in England and Wales. 1 Aortic diameter, the major predictor of the risk of aneurysmal rupture, 2 3 can be measured by ultrasonography, an inexpensive and well accepted examination tool. Patients with large AAA can be considered for elective repair, but the risk of operative mortality is 5%-8%. [4] [5] [6] If we consider this intervention in the context of a screening programme, it has been suggested that it would decrease the incidence of aneurysmal rupture by 55%. 7 A large randomised controlled trial, the multicentre aneurysm screening study (MASS), is currently underway in the United Kingdom to assess the overall benefits of screening for AAA by ultrasonography. 8 Deriving evidence based screening strategies, in particular determining an appropriate follow up policy for those with high aortic diameter, requires studying the variation in expansion of aortic diameter over time within the population.
In this paper we propose a Markov model of growth rates based on extensive longitudinal data on aortic diameters, which provides estimates of the probabilities of progression. A Markov process is often used for modelling progression of disease, where people move from state to state over time. In our case, the states are categories of aortic diameter. The main assumption is that if the state at a given point in time is known, the probability of future progression is independent of the person's history before that time. Because our focus is on screening policies, rather than predictions for individual patients, we consider categories of size of aneurysm that could form the basis for policy decisions.
METHODS
We used data from the Chichester screening trial which included 15 775 men and women aged 65 to 80 years, identified from family medical practices. They were randomised to a group invited for screening or to a control group. 7 The analysis presented in this paper was restricted to the men who were screened-that is, 2342 out of the 6431 men in the study. Women were excluded because screening would not be cost effective due to their lower prevalence 8 and lower risk of rupture 7 than men. The mean duration of follow up was 11 years. Aortic diameter was measured with ultrasonography in anterior-posterior and transverse planes and the maximum of these two measures was used as the size of the aorta in our calculations. A diameter of 30 mm or more was considered aneurysmal, and occurred in 178 men. 7 Different follow up intervals were offered to patients according to their aortic diameter: patients with a diameter of 30-44 mm were rescanned annually and those with a diameter of 45-59 mm were rescanned at intervals of 3 months.
Patients were considered for surgery if the aneurysm diameter measured >60 mm, if the diameter increased by 10 mm or more/year, or if symptoms developed that could be attributed to the aneurysm. Such patients were assessed and elective repair planned if they were fit for surgery and consented to it. Criteria for fitness were similar to those of Bernstein and Chan. 9 In the ongoing MASS trial, surgery is considered at a diameter of 55 mm or more, which is the currently widely accepted criterion.
For our calculations we excluded men who had a normal aortic diameter; as they had only one scan, they would not contribute to the estimation of rates of transition. To be able to estimate accurately the rate of transition moving from a diameter below 30 mm to one above, we used an additional cohort from Chichester who were recruited as they reached the age of 65. These data included information on 683 men who were invited for an ultrasound scan; those with a normal diameter were rescreened every 2 years for up to 10 years.
These data on aneurysm growth over time could have been analysed with complex regression modelling. However, as questions about screening policy were being considered, we used in preference a simple Markov process model, with four aneurysm diameter categories 1, 2, 3, and 4: <30 mm, 30-44 mm, 45-55 mm, and >55 mm. These are the categories which determine the rescreening policies in the Chichester and MASS trials. Associated with such a Markov model is a transition matrix of rates of moving from state to state. For this four state model we used the transition matrix shown in table 1.
This model hypothesises that people cannot move from a higher category to a lower one, and cannot progress from one category i to category i+2 without going through category i+1. The probability of moving from category 1 to category 2 in a short period δt is given by λ 1 δt. Similarly, λ 2 δt and λ 3 δt represent the probabilities of moving from category 2 to 3 and from category 3 to 4 respectively.
These "instantaneous" transition rates need to be converted into probabilities of transition over periods, by solving a potentially complex set of Kolmogorov equations. 10 The software Mathematica 11 was used for this, and allowed us to obtain an overall likelihood, which was maximised with the Nelder-Mead algorithm. Maximum likelihood estimates of λ 1 , λ 2 , and λ 3 can then be used to estimate absolute probabilities of progression for any given period and starting category. The period of observation for each person was censored at the end of available follow up, or at the time of death or surgery for aneurysm.
Our data set includes transitions apparently moving from a higher category to a lower one (3.3% of all transitions), mainly due to measurement error. The use of ultrasonography scanners may result in a variation of ±5 mm in aortic diameter measurement. 12 As our model does not include the possibility of such transitions, we recoded the higher category as the lower one in each of these cases. Table 2 presents the number of transitions of each type in the available data (before recoding). The transitions from a higher to lower category of aneurysm size (below the leading diagonal in table 2) were substantially outnumbered by those from a lower to higher category (above the diagonal), reflecting the growth of aneurysms over time. Most men who started in the normal aortic diameter category (<30 mm) remained normal, the 1877 of such transitions representing 97% of the total. The mean time for each type of transition shown in table 2 is dependent on the recall policy, as shorter intervals were used for larger aortic diameters. However there is some variability beyond this because the actual screening intervals were not always the same as the nominal intervals, and the development of symptoms, for example, brought the screening appointment forward. Table 3 shows the estimates of the transition rates. The larger the previous aneurysm diameter, the greater is the rate of transition to the next higher category. Thus the larger the aortic diameter, the faster is the rate of growth. Interpretation of these rates is easier when the probabilities of transition are considered, for example the chance of reaching >55 mm over a 5, 10, or 15 year period when starting in different categories (table 4). These estimated probabilities are conditional on survival: they assume that people remain alive. The probability that a man with normal aortic diameter (<30 mm) would reach the size required to be considered for surgery (>55 mm) is only 12% even over 15 years. The probabilities of moving from 30-44 mm to >55 mm are estimated as 37%, 70%, and 86% for periods of 5, 10, and 15 years respectively. The estimated probabilities of moving from 45-54 mm to >55 mm are very high, being 91%, 99.3%, and 99.9% in 5, 10, and 15 years respectively.
RESULTS
There are some apparent differences in rates of progression between men aged below 70 years at their last scan and men aged 70 or more. The age specific transition rates are given in the lower part of table 3. The older men were found to have higher rates of progression, by a factor of about three for transitions from <30 mm to 30-44 mm, or from 30-44 mm to 45-54 mm. The difference between age groups is highly significant for the lowest category of aneurysm diameter, where there are more data. For the transition rates from 45-54 mm to >55 mm, the relative lack of data makes the estimates imprecise and confidence intervals wide. The age differential is also apparent in the estimated probabilities of transition over longer periods (lower part of table 4). For example the probability of moving from 30-44 mm to >55 mm in 10 years is estimated as 33% for men below the age of 70 years, but 73% Table 1 The transition matrix for the four state model for those over 70. However, the probability of moving from 45-54 mm to >55 mm in 5 or more years is high whatever the age group.
We can use the rates in table 3 to calculate probabilities of transition over a period equal to the different follow up intervals actually used in the study. For example, 11% of men would move from 30-44 mm to 45-54 mm within 1 year, and 12% would move from 45-54 mm to >55 mm within 3 months. These probabilities are very similar, indicating that the rescreening interval was appropriately shorter in the category with an aneurysm of higher diameter.
DISCUSSION
The probability of a man progressing from a normal diameter (less than 30 mm) to one of 55 mm or more within 15 years is low (about 12%), and low even in older men. From the point of view of screening, this suggests that it is not necessary to follow up such men. On the other hand, for those with aneurysms (aortic diameter of 30 mm or more), the probability of moving to a higher diameter is substantially increased. The 5 year probability for a man with an aneurysm of diameter 45-54 mm to progress to one of >55 mm, which is the current usual criterion for being considered for elective surgery, is around 91%. This high probability of progression to the criterion for surgery assumes survival. Thus observation of aneurysms in the range 45-54 mm is still indicated as many patients will die with their aneurysm intact, and can avoid being exposed to the risk of mortality shortly after surgery.
Although it is known that the prevalence of aneurysm increases with age, 8 13 the suggestion from our data, which has extensive follow up, that age influences rates of progression is novel. It is not, however, unexpected, due to loss of elastic tissue in the aorta with increasing age. High growth rates of aneurysms have also been associated with "unfitness" for surgery, especially poor lung function. 14 Smoking, hypertension, and hypercholesterolaemia are related to the development of aneurysms, but their role in the growth rate of the aneurysm is uncertain. 15 It would be a relevant research aim to investigate whether a subgroup of patients with a high risk of fast growth of an aneurysm could be identified from these variables. However, although age is a factor that can readily be taken into account in developing screening strategies, other potential predictors of growth of an aneurysm would not be so easy to use in practice. For this reason, we have restricted attention to age in this paper.
These findings are similar to previous work, which reported that growth rates varied by initial aortic diameter, with more rapid growth for large aneurysms. 16 For example, the average percentage increase in diameter/year was 2.0% for aneurysms with an initial diameter of 30-39 mm, but 6.4% for those of 50-59 mm. 16 Although such results are useful for prediction in individual patients, our presentation relates more directly to screening policies for groups of patients. Our results indicate that the interval between follow up scans should be determined by initial aortic diameter. The greater the diameter the shorter the interval should be. Active regular follow up is required for men with a diameter of 45-54 mm, as their chance of reaching >55 mm in only a few years is very high.
If it is intended to follow up men with aneurysm diameters of 30-44 mm annually, then an appropriate follow up interval for men with diameters of 45-54 mm is 3 months. This is because during these periods both groups have about the same chance (around 11%) of progressing to the next category of aneurysm diameter. Similarly, there is no virtue in following up men with normal aortic diameters (less than 30 mm), as the chance of progression is very low. It may be appropriate to allow the follow up interval to depend on age, for example among those with an aneurysm diameter of 30-44 mm, with an annual interval for those over 70 years and a 2 year interval for those under 70.
In this study we have assumed homogeneous progression rates (within the two age groups), and have not directly considered the impact of measurement error. More complex statistical modelling could answer these problems, but it is unlikely that the conclusions would change markedly. Also, screening and surgical decisions are made on the basis of observed measurements, which remain subject to error, and our results are relevant to this situation. The data from the much larger MASS study, which will be available in a few years, should give more precise estimates of the probabilities of progression.
